A variety of modeling frameworks have been proposed for ionic polymer metal composites (IPMCs), but the physical underpinnings of their actuation remain elusive. A critical step toward the validation of existing theories and transition to engineering practice entails the design of new experimental paradigms that could support hypothesis-driven research. While several factors exacerbate the complexity of experimenting with IPMCs, the presence of the electrodes plays a major role by hindering the repeatability of the results and bringing a number of difficult-to-measure parameters into the picture. Here, we seek to address these experimental confounds by investigating contactless actuation of perfluorinated ionomer membranes in salt solution. In contrast to IPMCs that bend toward the anode in response to an applied voltage, ionomer membranes display a consistent deflection toward the cathode. Through hypothesis-driven experiments where the membrane width, solution concentration, and voltage applied across the electrodes are systematically varied, we elucidate electrochemistry and mechanics of contactless actuation. The applied voltage and solution concentration have a dominant role on the electrochemistry, while mechanics is mainly affected by the applied voltage and membrane width. Our results depict a complex scenario, which is expected to inform future theoretical inquiries about IPMC actuation.
. Sketch of the setup used for our experiments, analogous to the setup by Kim and colleagues 31 . A cantilevered ionomer membrane is positioned between two graphite electrodes. The assembly is immersed in a salt solution. A voltage is applied across the electrodes to create an electric field that elicits the deformation of the membrane. A laser displacement sensor is used to measure the tip displacement of the membrane.
However, these experimental studies present relevant differences with respect to contactless actuation of perfluorinated ionomer membranes. First of all, perfluorinated membranes 34 and hydrogels 35 have different structures, which strongly affect their water uptake. While hydrogels can reach hydration levels of more than 100% in terms of weight of water per weight of dry polymer 36 , perfluorinated membranes present cluster morphologies that limit their water uptake (less than 45% in Nafion in standard conditions 37 ). In addition, previous efforts on hydrogels focused on relatively high voltages 32 or high current densities 33 , which could lead to highly nonlinear electrochemistry, likely more complex than that underlying the actuation of perfluorinated ionomer membranes in the setup of Kim and colleagues 31 . Finally, the actuation time in hydrogel experiments was on the order of minutes 32 , while the mechanical response of perfluorinated membranes was on the order of seconds 31 .
In the absence of the ionomer sample, the experimental setup corresponds to a classical electrochemical cell 38 , whose working principle underpins, among the others, electrolytic cells 39 , fuel cells 40 , batteries 41 , and electrochemical capacitors 42 . In an electrochemical cell, salt is dissolved in water to form an electrolyte solution 38 , which can take several forms -here, we consider a binary electrolyte where the species have the same valency and a comparable diffusivity. From the seminal work of Helmholtz 43, 44 and Gouy 45 , it is known that charge boundary layers develop in the vicinity of the electrodes, forming two thin double layers with a thickness of the order of the Debye screening length l 46 . The latter is a function of the dielectric constant ε of the solution, the temperature  , and the electrolyte concentration C 0 , according to λ = ε C 1 2 0 F RT , where  and  are the Faraday constant and the universal gas constant, respectively 46 . The characteristic time for the charges to migrate toward the electrodes is τ = λh  , where  is the diffusivity of the ions in the solution, and h is the semigap between the electrodes 46 . For low voltages, of the order of the thermal voltage (25.9 mV at room temperature), charge dynamics in the solution bulk and pile-up at the electrodes is captured by a simple RC model 46 , where the effective conductivity and capacitance per unit surface area are, respectively,
Although theoretical insight is limited to moderately low voltage levels, it is tenable to assume that increasing the voltage has a secondary effect on the effective resistance, while it leads to a nonlinear increase in the capacitance 46 . The concentration of the solution offers an extra degree of freedom to the problem by allowing for changing the time scale of the pile-up and the migration, without altering the underpinning phenomenon.
Placing an ionomer sample in the electrochemical cell, as in Fig. 1 , should hinder charge dynamics in the bulk of the solution and promote the formation of additional electric double layers at the ionomer-solution interface due to the difference in their electrochemical properties, the so-called Donnan potentials 47 . The first phenomenon should produce an increase in the effective resistance, as a function of the width of the ionomer sample. The second phenomenon should manifest into a reduction of the effective capacitance of the electrochemical cell, since the additional double layers would cause a secondary capacitance, in series with the original double layer capacitance. Based on these arguments and the dependence of σ and γ on the physical parameters of the solution for moderate voltages in Equation (1), we formulated the following hypotheses: (H1) irrespective of the presence/ width of the sample and the solution concentration, a higher voltage would produce both higher peak current and charge stored at the electrodes; (H2) irrespective of the solution concentration and the applied voltage, the presence of the ionomer would reduce both the peak current and the charge stored at the electrodes, and the extent of this reduction would be higher for wide samples; and (H3) irrespective of the presence/width of the sample and the applied voltage, a higher solution concentration would produce both higher peak current and charge stored at the electrodes.
The motion experienced by the ionomer is mediated by the fluid-structure interaction with the surrounding solution [48] [49] [50] [51] . For small oscillations of the ionomer, the fluid-structure interaction is controlled by the geometry of the sample, such that increasing the width will produce an increase in the added mass effect. As the sample oscillates in the solution, it will displace a portion of the surrounding solution, roughly corresponding to a cylinder of diameter equal to the width of the sample, such that the added mass is
f add 2 where ρ f is the mass density of the solution, and b and L are the width and length of the sample, respectively. This added mass effect should control the time scale of the actuation, rather than the extent of the deflection, which will be regulated by the concurrent electrochemical response. The higher is the applied voltage, the higher should be the internal actuation, such that the sample will experience a larger deflection 1, 2 . Based on these arguments, we formulate the following two additional hypotheses: (H4) irrespective of the solution concentration and the applied voltage, the time required to reach the peak displacement would be higher for wide samples; and (H5) irrespective of the width of the sample and the solution concentration, a higher voltage would produce higher peak values of the tip displacement.
The features extracted from the measurements collected during our experiments were statistically analyzed to elucidate which variables have a significant effect on the electrochemistry of the overall system and on the
Results
Overall, we analyzed twelve samples cut from the same Nafion N117 membrane, six with a width of 5 mm ("thin" membranes) and six with a width of 40 mm ("wide" membranes). Each sample was tested in two solutions of sodium chloride, with concentrations of 0.1 M and 0.5 M. For each width, we characterized three membranes at the lower (higher) concentration first and at the higher (lower) concentration later. During an experimental trial, twenty step inputs of one minute in duration each were applied at the electrodes, separated by equal intervals of one minute when the electrodes were shorted. The polarity of the voltage during a trial was alternated between the one-minute pulses to mitigate potential asymmetries associated with prebending of the sample. The voltage of each of the step inputs was randomized between 0.5 V and 1 V, for a total of twenty step inputs where the voltage value and the polarity were fully balanced. The applied voltage was considerably less than the voltage in the experiments performed by Kim and colleagues 31 to avoid water electrolysis and bubbles' formation.
Accounting for any possible combination of membrane width (thin or wide), solution concentration (0.1 M or 0.5 M), and applied voltage (0.5 V or 1 V), we ultimately considered eight experimental conditions. To control for the presence of the membranes, an equal number of trials with an equivalent randomization procedure was performed without the membranes, thereby adding four more control conditions to the experimental design for the four possible combinations of solution concentration and applied voltage. The twelve conditions performed in this work are listed in Table 1 . In addition, we performed some control tests with the ionomer membranes in deionized (DI) water or with ion-blocking mylar membranes in salt solution, see Supplementary Information.
For all the tested samples, we confirmed the findings of Kim and colleagues 31 , whereby the samples always move toward the cathode as a result of the applied voltage. Figure 2 illustrates typical experimental time traces of the current through the external electrodes and tip displacement of the ionomer membrane. Similar to an IPMC 52 , the current monotonically decays from a peak value to almost zero as time progresses. The tip displacement increases rapidly to reach its peak value and then slowly decays to zero while the voltage is still applied, albeit non-monotonically. The decay of the tip displacement is characterized by a slower time scale compared to the current, suggesting that electrochemistry is faster than the mechanical response. In the figure, we mark the features that were extracted from the data as response variables for the statistical analysis: the peak current, total charge, peak displacement, and time to reach the peak displacement. The peak current was computed as the maximum value of the current, following the application of the step input across the electrodes. The total charge was computed by integrating the time trace of the current from its peak to the time when it reached 5% of the peak. The peak displacement was obtained as the maximum value of the time trace of the tip deflection during the first five seconds of the response. The time to reach the peak displacement was calculated as the time lapse between the peak in the tip displacement and the peak current.
The data were fitted into a mixed-effects model, with width, concentration, and voltage as the explanatory variables, and peak current, total charge, time to reach the peak displacement, and peak displacement as the response variables. All the explanatory variables were treated as categorical, such that concentration and voltage had two levels, while the width had three levels to encompass the control conditions where the membrane was not present. To avoid pseudoreplications in the statistical analysis, the identity of each membrane was included in the model as a random effect. For the peak current, total charge, and time to reach the peak displacement, a generalized linear mixed-effects model (GLMM) with Gamma errors was fitted, to normalize the residuals, while a linear mixed-effects model (LMM) was fitted for the peak displacement, whose residuals were already normal. For each response variable, we started fitting from a full model, based on our hypotheses, with triadic interactions 53 . Backward elimination was applied to obtain the most parsimonious model, minimizing the second-order Akaike Information Criterion (AICc), a correction to the standard AIC for small sample size 54 www.nature.com/scientificreports www.nature.com/scientificreports/ in the most parsimonious model for each response variable are listed in Table 2 . We then performed three-way analysis of variance (ANOVA) tests to obtain the significant explanatory variables and interactions in the most parsimonious model 53 , whose results are shown in Table 2 . For each explanatory variable, post-hoc analyses, through Tukey's honest significant difference test (HSD) 53 , were conducted on the most parsimonious model to identify pairwise significant differences, by aggregating with respect to non-significant variables and interactions.
Mean values with standard errors for each of the response variables in all the conditions are shown in Table 1 . Each quantity was computed over 60 independent measurements, corresponding to six membranes and ten one-minute pulses at a given value of the applied voltage and solution concentration.
From the ANOVA test in Table 2 , we found a significant interaction of the voltage with the concentration explaining the variation in peak current. Post-hoc pairwise comparisons revealed that the conditions at low voltage significantly differed from those at high voltage for each width and solution concentration tested (p < 0.001 for all), as shown in Fig. 3 (a). In agreement with our predictions, we determined that an increase of the applied voltage consistently resulted into a significant increase in the peak current, see Fig. 3 (a). In addition, from post-hoc comparisons, for each width and voltage tested, we recorded an increase in the peak current following The step voltage is applied at time t 0 = 1 s. In (a), the blue dot represents the peak current, while the hatching indicates the area integrated to obtain the total charge. In (b), the blue triangle indicates the peak displacement. www.nature.com/scientificreports www.nature.com/scientificreports/ an increase in the solution concentration (p < 0.001 for all). No significant effects of the presence and width of the sample on the peak current were recorded, as shown in Fig. 3(b) .
The results for the total charge stored at the electrodes mirrored those for the peak current, whereby the solution concentration and applied voltage interacted to explain the variation in the total charge. Post-hoc comparisons of conditions with the same width and concentration indicated a strong dependence on the applied voltage (p < 0.001 for all), whereby increasing the voltage elicited a robust charge increase, as shown in Fig. 4(a) . In accordance to our expectations, we determined that an increase in the concentration for the same width and voltage elicited a significant increase in the total charge (p < 0.001 for all in post-hoc analyses), see Fig. 4(a) . Although such an increase reaches a level of statistical significance, we acknowledge that it consists of only a fraction of a millicoulomb. Similar to the analysis of the peak current, we did not identify an effect of the presence and width of the sample, as shown in Fig. 4(b) . From ANOVA tests, we registered a significant dependence of the time to reach the peak displacement on the interaction between the width of the sample and the solution concentration. In accordance with our expectations, for given solution concentration and applied voltage, an increase in the width of the sample resulted into a robust increase in the time to reach the peak displacement (p < 0.004 for all in post-hoc analyses). While the extent of this change depended upon the solution concentration, see Fig. 5 , we failed to identify a triadic interaction of the width with the solution concentration and applied voltage.
We observed that the peak displacement was explained by the triadic interaction of the voltage with the sample width and solution concentration. As one should expect, for given width and concentration, post-hoc pairwise comparisons revealed a significant increase of the peak displacement with an increase in the voltage (p < 0.001 for all). The extent of this change is mediated by both the sample width and solution concentration, as shown in Fig. 6 .
In addition to the experimental conditions listed in Table 1 , we tested ionomer membranes in DI water and mylar membranes in salt solution, as summarized in the Supplementary Information. 
Discussion
In this paper, we examined contactless actuation of perfluorinated ionomer membranes in salt solution. We systematically explored different combinations of the width of the membrane, concentration of the solution, and applied voltage to elucidate the electrochemistry of the system and the actuation of the membranes. We formulated the following five hypotheses:
(H1).
irrespective of the presence/width of the sample and the solution concentration, a higher voltage would produce both higher peak current and charge stored at the electrodes; (H2).
irrespective of the solution concentration and the applied voltage, the presence of the ionomer would reduce both the peak current and the charge stored at the electrodes, and the extent of this reduction would be higher for wide samples; (H3).
irrespective of the presence/width of the sample and the applied voltage, a higher solution concentration would produce both higher peak current and charge stored at the electrodes; (H4).
irrespective of the solution concentration and the applied voltage, the time required to reach the peak displacement would be higher for wide samples; (H5).
irrespective of the width of the sample and the solution concentration, a higher voltage would produce higher peak values of the tip displacement.
Our results support hypothesis H1, whereby we consistently registered an increase of the peak current and total charge with the voltage, while keeping the same width and solution concentration. These observations are in agreement with the predictions of the classical RC circuit used to model electrochemical cells, even if the voltage considered in our experiments is far larger than the range for which this approximation should hold quantitatively 46 . In particular, the increase of the peak current is explained by the fact that the effective resistance is, to a first degree of approximation 46 , independent of the applied voltage, as shown in Equation (1a), such that a higher step input voltage leads to a higher peak current. On the other hand, the total charge stored at the electrodes depends only on the capacitance, which increases nonlinearly with the applied voltage 46, 55 . As first suggested by Chapman 55 , the approximation of constant capacitance for the electric double layers in Equation (1b) should be corrected for moderately high voltages 46 by including the effect of the voltage drop ζ across the diffuse layer (the so-called "zeta potential"
. We expect that a similarly nonlinear relationship holds in our experiment, even if the large value of the applied voltage strains the validity of this formula 46 and steric effects could drastically affect charge dynamics and the development of the electric double layers 56, 57 .
With respect to hypothesis H2, we failed to detect any effect of the presence and width of the membranes on either the peak current or the charge stored. While we cannot exclude that this may be simply related to limited statistical power of our experimental study, we should also contemplate physically-based explanations. A possible explanation could be that the effective electric resistance of the ionomer membrane is comparable to the resistance of the solution, such that the presence of the membrane would not constitute an obstacle to the movement of the ions. As the effective resistance in the electrolyte 46 and in the ionomer 58 have analogous expressions, this explanation could be tenable if the smaller diffusivity in the ionomer is compensated by a higher charge concentration 9 , see Equation (1a). An alternative explanation could be that the presence of the membrane favors the movement of ions along multiaxial branches in the solution, which outweighs the potential increase in the effective resistance associated with the movement through the membrane. This second explanation seems to be supported by the results of the tests on ion-blocking mylar membranes (see Supplementary Information), where we also failed to identify an appreciable reduction in the peak current as a function of the width of the membrane, at least for the higher concentration.
Hypothesis H3 is supported by the results of our experiments, whereby we registered an increase in the value of the peak current and the total charge in response to an increase in the concentration of the solution. This twofold effect can be explained through Equation (1) . In fact, an increase in the concentration of the solution elicits a reduction of the bulk resistance, related to the higher availability of charge carriers 46 , as shown in Equation (1a), yielding an increase of the peak current. In addition, the capacitance of the electric double layers at the electrode surface increases with an increase in the concentration, due to the reduction of the Debye screening length 46 , see Equation (1b). This effect should produce the observed increase in the total charge.
The results of our experiments support the validity of hypothesis H4, whereby an increase in the width of the membrane elicited a considerable increase in the time to reach the peak displacement, for the same concentration and voltage. This quantity can be related to the inverse of the fundamental frequency of the sample 59 . If the experiments were performed in air, we would not register any effect of the width on the natural frequency, given that both the stiffness and mass have a linear dependence on the width. The presence of the surrounding solution induces a nonlinear dependence of the mass on the width [48] [49] [50] [51] . The mass can be associated with a cylinder of water with diameter equal to the width of the membrane and height equal to the length of the membrane, as shown in Equation (2) . As a result, we should expect that the time to reach the peak displacement scales with the inverse of the square root of the width of the sample. Due to the physical proximity of the membrane to the electrodes and three-dimensional effects, we should also expect that the fluid confinement will modulate the dependence of the modal mass on the width 60 , potentially altering Equation (2).
Our experiments are also in support of H5, as we registered an increase of the peak displacement due to an increase of the voltage, for the same width and concentration. The relationship between applied voltage and peak tip displacement seems to be linear, where a twofold increase in the voltage (0.5 V to 1 V) elicits a twofold increase in the peak displacement (25-30 μm to 50-60 μm). This result indicates that actuation is controlled by current and charge in the system, suggesting a direct coupling between electrochemical quantities and actuation. www.nature.com/scientificreports www.nature.com/scientificreports/ However, due to the lack of detailed electrochemical measures in the membrane, we cannot delve into physical explanations of this relationship. In fact, presently we have no access to either the time trace of the current through or the voltage across the ionomer membrane. Should the membrane permit ion motion like the solution, we would expect the electrochemical response of the ionomer to be similar to the response of the solution. In this case, the registered peak current and charge stored would capture the charge dynamics in the ionomer and explain its actuation. On the other hand, should the membrane block ion movement and elicit multiaxial branches of ion motion in the solution, it would be difficult to relate the electrochemical response of the membrane to the measured time traces for the solution. Future work should seek to delve into this aspect through computer simulations of the system electrochemistry in three-dimensions. Beyond challenges in the numerical implementation of the model, key challenges will be posed by the selection of proper boundary conditions at the ionomer-solution interface. Perhaps, experiments presented in this paper will help identify realistic boundary conditions to clarify actuation of ionomer membranes, thereby informing an improved understanding of IPMC actuation.
Overall, these results depict a complex picture that needs to be clarified to elucidate the physical underpinnings of the actuation of ionomer membranes in salt solution, expanding on the observations made by Kim and colleagues 31 . As advocated by the authors, a potential explanation for this phenomenon is differential electroosmotic drag 61, 62 , whereby Nafion is a selectively-permeable membrane which allows the transport of cations, while blocking anions 1 . This explanation shares similarities with the theory proposed by Shiga and Kurauchi 32 and Grimshaw and colleagues 63 , where the motion of counterions through the ionomer could elicit a gradient in the osmotic pressure that would cause bending of the membrane. However, our preliminary numerical simulations 64 do not seem to support this explanation, whereby osmotic effects alone would only yield modest bending toward the anode. These simulations were based on a Poisson-Nernst-Planck model of the electrochemistry that excluded the motion of the solvent, the presence of Stern layers at interfaces, and water dissociation, to name just a few of the key simplifications 65 of the approach.
An alternative explanation might entail early back-relaxation of the samples 27 , in the absence of metal electrodes that could block the movement of the counterions and solvent across the ionomer-solution interface. The preliminary simulation results in our previous work 64 seem to support this explanation, whereby Maxwell stress generated by large electric fields at the ionomer-solution interface would lead to a consistent bending toward the cathode. However, the numerical values of the bending moment associated with Maxwell stress are unlikely to reproduce tip displacements of the order of one hundred microns. We expect that expanding the computational model to overcome some of the present simplifications could help reduce the discrepancy between numerical and experimental results.
While this experimental study cannot settle the explanation, due to the impossibility of measuring electrochemical variables in the membrane, it can serve as a validation benchmark for high-fidelity simulations of the whole chemoelectromechanical system, which could pinpoint the physical drivers of actuation. Additional testing with this experimental setup, considering different counterion forms in the ionomer and in the solution, may help elucidate the physical underpinnings of contactless actuation of perfluorinated membranes in salt solution, disentangling the critical factors underlying the electrochemistry and mechanics of the system.
Methods
In this experiment, we investigated contactless actuation of perfluorinated ionomer membranes in salt solution, following the application of a voltage input across external electrodes. During experimental trials, we measured the tip displacement and current through the electrodes to elucidate the concurrent electrochemistry and mechanics of actuation. From our measurements, we extracted several features used as response variables in the statistical analysis.
Ionomer samples. Twelve ionomer membranes were cut from the same sheet of IonPower Nafion N117 (nominal thickness 177.8 μm) with a length of 85 ± 0.5 mm. Six had a nominal width of 5 ± 1 mm, while the other six had a width of 40 ± 1 mm. First the membranes were cut, and they underwent a 30-minute bath sonication using a Branson 1510 ultrasonic cleaner to remove possible impurities. After cleaning, they were soaked in a 1 M NaCl (aqueous) solution for 24 hours to promote ion exchange. After these treatments, the membranes were each tagged on one end with an identification number, and on the other end, a small piece of duct tape was attached to facilitate deflection measurements with a laser displacement sensor. The mass of the reflective tape (0.006 ± 0.002 g and 0.016 ± 0.003 g for the thin and wide membranes, respectively) was negligible compared to the mass of the membrane (0.174 ± 0.013 g and 1.378 ± 0.051 g for the thin and wide membranes, respectively). The samples were stored in deionized (DI) water while they were not tested.
Experimental setup.
During experiments, the ionomer samples were positioned between two parallel plate graphite electrodes (130 × 90 × 5 mm, 6 mm apart) in the center of a clear acrylic box (120 × 120 × 100 mm) filled with one liter of salt solution, as shown in Fig. 7 . When the electrodes were submerged, the solution reached a height of 77.5 ± 0.5 mm. The graphite electrodes had a nominal wet surface area of 4000 ± 100 mm 2 and were held by 3D printed holsters made from clear polylactic acid (PLA). The electrodes were connected via copper tape and alligator clamps to the driving circuit shown in Fig. 8 , which generated the input signal for the experiments. To improve electrical contact with the graphite electrodes and reduce oxidation, the copper tape was placed between the electrodes and the 3D printed holsters above the solution. Two 3 mm thick acrylic plates were used to clamp the samples and kept them at a constant height during the experiments. Throughout the study, the free length of the samples was held constant at 45 mm, with 35 mm between the electrodes and 10 mm below. The clamp protruded underwater and raised the solution level, reducing the free wet surface area of the electrodes to 3100 ± 100 mm 2 . A laser displacement sensor (Keyence IL-100 with an IL-1500 signal amplifier) was secured to an aluminum beam and positioned perpendicular to the lateral surface of the samples. The laser was incident 2 mm above the bottom tip of each sample and output data at a rate of 3,000 Hz. We reduced the full-scale range of the laser to 1/20 th of its default value to improve the signal-to-noise ratio of the output signal.
The control circuit, shown in Fig. 8 , used single pole double throw relays (SPDT) in conjunction with a double pole double throw relay (DPDT) to create a three-level square wave with a varying pulse amplitude. An Arduino Uno controlled each 5 V relay through an independent circuit. Switch 1 was used to determine the magnitude of the applied voltage by switching between two BK Precision 9110 100 W Multi-Range DC power supplies with a common ground. One of the power supplies was set to 1 V, and the other to 0.5 V, so that we could select between two input levels. To reduce the latency of the power supply and better simulate a step input voltage, switch 2 preloaded the selected power supply on a 10 Ω resistor, before it was connected to the electrodes. During a trial, switch 2 was shorted for ten seconds, then opened 10 ms before switch 4 connected the electrodes to the power supplies. Switch 3 was a DPDT, utilized to control the polarity of the signal. Each time the electrodes were disconnected from the power supplies, switch 3 reversed the polarity of the input signal. Last, switch 4 either shorted the electrodes or connected them to the power supply. A step pulse was delivered for one minute, separated by equal intervals of one minute when the electrodes were shorted and the polarity of the signal was inverted. From the circuit, we measured the voltage accross the electrodes and voltage across a 1 Ω resistor in series with the electrodes to obtain the current through the solution. All the measurements, including readings from the laser, were acquired by a NI 6221 data acquisition device (DAQ) at a uniform rate of 5,000 Hz per channel using LabView 2017.
Laser calibration. Since the refractive index of salt water depends on the concentration 66 , we performed experiments to calibrate our laser displacement sensor in 0.1 M NaCl and 0.5 M NaCl. The laser was first set to a scaling factor of 1 and clamped against the clear acrylic box filled with solution (length 120 mm). We cut nine rectangular pieces of white 3 mm thick acrylic and created distance markers by stacking them. The thickness of each stack was measured with a digital caliper (resolution 0.01 mm) and was considered as the ground truth. The stacks were then positioned against the wall opposing the laser, and the voltage output of the laser for a given distance was found from the mean value of the voltage over ten seconds of measurement. Since the voltage output and distance are linearly related, we performed a linear fit between the thickness and mean voltage measurements. In the 0.1 M solution, the slope of this linear fit, which represents the conversion factor between voltage and distance, was 5.33 ± 0.03 mm/V (adjusted R 2 = 0.9998), while in the 0.5 M solution, the slope was 5.15 ± 0.03 mm/V (adjusted R 2 = 0.9997). Since we adjusted the scaling factor while measuring the ionomer tip displacement, this number was divided by 20 to account for the amplification of the signal.
Experimental procedure. We considered all conditions listed in Table 1 . For each solution concentration, we tested two thin and two wide membranes, washed the electrodes and the holsters with DI water to remove salt deposits from previous tests, replaced the copper tape to limit oxidation, and finally changed the solution to hinder contamination and evaporation. Overall, we tested the membranes in six solutions, three per each solution condition. A 0.1 M or 0.5 M NaCl solution was prepared by first sampling either 5.844 g or 29.22 g, respectively, of NaCl salt (Sigma-Aldrich S7653). DI water was mixed with the salt in a 2,000 mL beaker to obtain 1,000 mL of solution, which was then stirred at 700 rpm for five minutes. Finally, the solution was poured into the acrylic box, and the graphite electrodes were positioned in the center of the box.
For each trial, the sequence of 1 V and 0.5 V pulses from the circuit was determined a priori by a random number generator in Matlab 2015b. 20 pulses were considered in total, ensuring that the number of 1 V and 0.5 V pulses was equal for each polarity. The first trial was without any membrane, and was used as a control condition, performed with the clamp between the electrodes. After collecting data for the solution, a membrane was placed in the acrylic insert with a free length of 45 ± 0.5 mm. The acrylic insert was taped to ensure proper clamping, then placed between the electrodes. Once the membrane was placed, a new random number set for the circuit was generated and the trial started, with the DAQ collecting measurements. This procedure was repeated for each of the four samples tested with that solution. To conclude each set of experiments, one final set of measurements was collected without any membrane to ensure that the solution did not change over time, such that the mean of the peak current at 0.5 V did not vary more than one standard deviation.
Data preprocessing.
Using the time traces of the one-minute intervals of the pulses generated during each trial, a script in Matlab 2018a was used to calculate the peak current, the total charge stored at the electrodes, the peak displacement, and the time to reach the peak displacement for each condition. In some trials, the tip displacement of the sample was affected by a low-frequency drift in addition to high-frequency noise.
First, the beginning and end of each pulse were identified using the peaks of the current as delimiters. Due to the short time scale of the charge dynamics, the time at which the voltage was applied was used as the time at which the peak current was reached, and therefore the latter was taken as the origin of each interval. The peak current was found as the maximum current in the first second after the application of voltage. Then, the point at which the current decays to 5% of its peak value was determined using smoothed data, calculated with a moving average over 40 points to reduce the effect of noise. The region between the peak current and point of 5% decay was integrated using the trapezoidal method to obtain the total charge stored at the electrodes.
Since we separately considered the one-minute intervals of each pulse during a trial, the tip displacement time trace was offset by subtracting the average value of all data points one second before the peak current. To mitigate high frequency noise, we applied a Butterworth infinite impulse response filter (IIR) 67 to the time trace of the tip displacement on a time lapse of six seconds (one second before the peak current and five seconds after). The IIR filter was set with a passband between 1-2 Hz and a cut-off band between 2-6 Hz, and its parameters were manually tuned to ensure the expected behavior in each interval. The value of the peak displacement and the time at which it was reached were determined from the filtered time traces.
Statistical model. The datasets with the explanatory (width, concentration, and voltage) and response variables (peak current, total charge stored at the electrodes, time to reach the peak displacement, and peak displacement) were analyzed in R 68 . Each dataset was associated with the membrane identification number, to avoid pseudoreplication of the results 53 . The explanatory variables were considered as categorical variables. We fitted the peak current, total charge stored at the electrodes, and time to reach the peak displacement with a generalized linear mixed-effects model with Gamma error 53 , while we fitted the peak displacement with a linear mixed-effects model 53 , using the functions "glmer" and "lmer" from the "lme4_1.1-21" package 69 , respectively.
The use of a GLMM was necessary to normalize the residuals, due to the skewness of data distributions for the first three response variables (see . In the model, the membrane number was used as a random effect. For each response variable, we started by fitting a model with the explanatory variables of each hypothesis and with full interactions, and we applied backward elimination 53 to simplify it, selecting the most parsimonious model by minimizing the AICc 54 . For example, for peak displacement, the full model encompassed the applied voltage (required to test hypothesis H5), its pairwise interactions with the width and concentration, and the triadic interaction between all the three explanatory variables, while reduced models included the model with the applied voltage only and models with all possible combinations of pairwise interactions encompassing the applied voltage. In other words, we computed the AICc (with the function "AICc" from the "MuMin_1.43.6" package 70 ) for each model obtained by the full model removing interactions, and we selected the one with the lowest value of the AICc as the most parsimonious.
From this procedure, we obtained the most parsimonious model that provides a complete description of the response variables with the least number of explanatory interactions ( Table 2) . For the peak current, hypotheses H1, H2, and H3 suggested a full model with all three explanatory variables and interactions between them. According to AICc, the most parsimonious model comprised the three variables with the interaction between solution concentration and applied voltage. For the total charge, the full and the most parsimonious models mirrored the ones of the peak current. The time to reach the peak displacement required the least complex model, whereby, from a full model with width and all the interactions comprising width for hypothesis H4, width and its interactions with concentration and voltage were the only explanatory variables in the most parsimonious model. For the peak displacement, we started from a full model with the voltage and all the interactions comprising voltage for hypothesis H5, and we retained the full model as the most parsimonious through AICc.
Once the most parsimonious model was obtained, we performed the ANOVA test 53 using the "Anova" function from the "car_3.0-2" package 71 that employs type II Wald Chi-squared tests to find the p-values for each explanatory variable and interaction present in the most parsimonious model ( Table 2) . Post-hoc analyses were performed through Tukey's HSD 53 by means of the function "emmeans" in the "emmeans_1.3.4" package 72 to identify significant differences between conditions and elucidate whether the response variable decreased or increased with the explanatory variable. While performing post-hoc comparisons, the datasets were aggregated over those explanatory variables that did not present any significant effect and interaction from ANOVA tests. Throughout the statistical analysis, the significance level was set to 0.05.
